dimer is exploited by the DNA tumor viruses SV40 and
polyoma virus, as a mechanism to interfere with intraceloverlapping site for both importin ␣ and for Ran-GTP (Enenkel et al., 1996) . Although the sequences of HEAT lular signaling cascades (Walter and Mumby, 1993) . The small t antigen of SV40 and the small and middle T motifs are degenerate, a consensus pattern of conserved hydrophobic residues, together with highly conantigens of polyoma virus associate with the AC heterodimer, displacing the endogenous B subunit (Walter et served proline, aspartate, and arginine residues at repeat positions 11, 19, and 25, respectively, suggests al., 1989; Joshi and Rundell, 1990; Pallas et al., 1990 ). PP2A is the only known cellular target of SV40 small that all HEAT motifs will share a common protein architecture. t, and its association with SV40 small t compromises phosphatase catalytic activity both in vitro and in vivo To understand the mechanisms that underlie the PR65/A subunit's role as a molecular scaffold, the ability toward various substrates, including ERK1, MEK, and PKC (Sontag et al., 1993 (Sontag et al., , 1997 . Cells expressing SV40 of the protein to recognize multiple diverse subunits, and the architecture of multiple tandem HEAT repeats, small t activate MEK1 and ERK1 with concomitant stimulation of the MAP kinase pathway and cell growth, we have determined the crystal structure of the human PR65/A␣ subunit to 2.3 Å resolution. The structure rewhile stimulation of PKC promotes NF-B activation. A role for PP2A in regulating growth suppression is conveals a novel left-handed superhelical conformation, different from the right-handed superhelical folds of tandem sistent with the finding that the PP2A and PP1 inhibitor okadaic acid is a potent tumor promoter (Suganuma et armadillo and TPR motifs, and presents a model for understanding the mechanism of protein-protein interal., 1988). Further support for this role of PP2A, and for the PR65/A subunit in particular, stems from the actions mediated by the PR65/A subunit. In addition, the structure of the PR65/A subunit presented here proidentification of the gene encoding the ␤ isoform of the PR65/A subunit (PPP2R1B) as a candidate tumor supvides a framework for rationalizing the oncogenic mutations of the PPP2R1B gene, and the structure will serve pressor gene (Wang et al., 1998a) . Somatic alterations in the PPP2R1B gene were discovered in 15% of primary as a model for understanding other HEAT motif-containing proteins. lung and colon tumor-derived cell lines. These somatic alterations, including entire gene deletions, internal and C-terminal protein deletions, and missense and frameResults and Discussion shift mutations, are likely to disrupt the structure of the core PP2A heterodimer. Aberrant levels of the PR65/A Structure Determination subunit would be likely to compromise severely the The crystal structure of the human ␣ isoform PR65/A functional activity of PP2A to regulate the cell cycle, a subunit was determined using multiple isomorphous renotion supported by the findings that rat fibroblast cells placement, anomalous scattering methods from two overexpressing PR65␣ became multinucleated (Wera et heavy atom derivatives. MIRAS phases to 2.3 Å were al., 1995). The finding that the myeloid leukemia associimproved by use of noncrystallographic symmetry (NCS) ated protein SET is a potent inhibitor of PP2A further averaging of the two independent copies of the PR65/A links PP2A and cell growth regulation (Li et al., 1996) . subunit (molecules A and B) within the asymmetric unit, Genetic approaches in budding and fission yeast have and this 2-fold averaged map was used to build residues demonstrated essential roles for PP2A during cell divi-65-520 of the polypeptide chain. During the initial cryssion (Kinoshita et al., 1990; Sneddon et al., 1990) , and tallographic refinement, NCS restraints were applied in Drosophila deficient in PP2A, microtubules fail to atand electron density maps calculated using combined tach to chromosomal DNA at the kinetochore (Snaith et phases and 2Fo-Fc maps allowed the remainder of the al., 1996). The role of PP2A to dephosphorylate, and molecule to be built. At the later stages of refinement, hence inactivate, protein kinases that regulate critical inspection of the 2Fo-Fc electron density maps revealed signaling cascades, for example, PKA, PKB, PKC, and that the two copies of the PR65/A subunit revealed con-ERK/MEK, explains, in part, its pleiotropic and growth formational differences within the region comprising suppressing activities (Millward et al., 1998).
residues 473-589. At this point NCS restraints between The structure of the PR65/A subunit is unusual, being the two molecules were released to allow refinement of composed entirely of 15 tandem internal repeats of a the two molecules independently. Within both copies 39 amino sequence termed a HEAT (huntingtin-elongaof the molecule, all residues from 2 to 589 have been tion-A subunit-TOR) motif (Walter et al., 1989; Hemmings assigned to density, although density for residues 2-8 et al., 1990). Tandem repeats of HEAT motifs are found of both molecules is poorly ordered, suggesting conforin a variety of proteins (reviewed by Andrade and Bork, mation disorder within these regions. The working and 1995), including the huntingtin protein (Gusella and Macfree R factors obtained using data between 25-2.3 Å are Donald, 1998), an elongation factor required for protein 0.209 and 0.27, respectively, and the model possesses synthesis, the lipid kinase TOR, the nuclear pore transgood stereochemistry (Table 1) . port protein importin ␤ (Malik et al., 1997), and a splicing factor SAP155 (Wang et al., 1998b) . Within these proGeneral Features of the Structure teins, the HEAT motifs vary in length between 37 and
The 15 HEAT repeats of the PR65/A subunit assemble 43 residues, occur in tandem arrays of between 3 and to form an extended and curved structure that consists 22 motifs, and in some instances, blocks of tandem entirely of helices (predominantly ␣ with some 3 10 helirepeats are dispersed throughout the sequence. A role ces) and connecting loops with an overall conformation for mediating protein-protein interactions has been dereminiscent of a hook (Figures 1 and 2B ). The molecule fined unequivocally for the HEAT motifs of PR65/A and importin ␤. The HEAT motifs of importin ␤ create an is highly asymmetric in shape, with a size of 100 Å in and 5B). Highly conserved regions of the PR65/A subunit ding yeast and human PR65/A subunit is significantly molecular surface form a continuous ridge extending lower at 46%. Because the PP2A catalytic subunit structhrough repeats 1 to 8 and repeats 10 to 15 correspondture is so highly conserved, it is likely that the sites of ing to the turns connecting the A and B helices. The interaction between PP2Ac and the PR65/A subunit will opposite surface to the A-B helix turn, that is the region be conserved throughout eukaryotes. To examine concorresponding to the interrepeat turn, shows virtually served regions of the PR65/A subunit, we analyzed mulno structural conservation. tiple-aligned PR65/A subunit sequences of human, budProtein-protein interface surfaces are characterized ding yeast, Drosophila, and C. elegans. Overall, 33%
by the presence of hydrophobic residues that become of the human PR65␣/A subunit residues are invariant solvent inaccessible on formation of the protein comacross these four organisms, dispersed throughout the plex, contributing to the overall negative free energy sequence. When the degree of sequence conservation change upon association. Generally, due to entropic is analyzed in the context of the tertiary structure of the costs, hydrophobic residues are not exposed upon protein surfaces, and therefore the presence of exposed PR65/A subunit, a periodic distribution of conserved Combining the mutagenesis analysis with the obserthat repeats 11-15 are necessary and sufficient for the interaction between the PR65/A and PP2A catalytic subvations that conserved residues and exposed hydrophobic surfaces are localized to the intrarepeat turns conunits, whereas the B subunits, SV40 small T, and polyoma virus small and middle T antigens interact with necting the A and B helices of the HEAT motifs suggests a mechanism for the interactions of the PR65/A subunit overlapping but distinct regions of the N-terminal 10 with PP2Ac and regulatory subunits. Together, these considerable diversity. Since most of the HEAT motifs data strongly support the notion that the intrarepeat of the PR65/A subunit stack with a parallel arrangement, turns of the PR65/A subunit represent the sites of interthis may represent the consensus HEAT motif-stacking action with the PP2A catalytic subunit and regulatory configuration. HEAT motif sequences that diverge sig-B subunits. In contrast, the interrepeat regions on the nificantly from the consensus sequence are likely to opposite side of the molecule do not contribute to these pack in a nonparallel arrangement. However, simple rules interactions. This mode of protein-protein interaction is to predict such instances are not immediately apparent. similar to the mechanism of protein-protein interaction
In the case of the PR65/A subunit, it was not possible adopted by the ribonuclease inhibitor (a leucine-rich to detect obvious phylogenetic relationships between repeat protein) (Kobe and Deisenhofer, 1995) and the the 15 repeats. In addition, the sequence similarity beankyrin repeat proteins, which utilize turns connecting tween repeats 1, 12, 13, and 15 and those repeats emelements of secondary structure and extended concave bedded within a parallel arrangement are not signifisurfaces.
cantly different than the pairwise identities between repeats that stack in parallel. Additional structural diversity could be generated by 
